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N-capping (N-cap) and C-capping (C-cap) in biologically active peptides,
including specific amino acids or unconventional group motifs, have been
shown to modulate activity against pharmacological targets by interfering
with the peptide’'s secondary structure, thus generating unusual scaffolds.
The insertion of capping motifs in linear peptides has been shown to prevent
peptide degradation by reducing its susceptibility to proteolytic cleavage, and
the replacement of some functional groups by unusual groups in N- or
C-capping regions in linear peptides has led to optimized peptide variants
with improved secondary structure and enhanced activity. Furthermore,
some essential amino acid residues that, when placed in antimicrobial
peptide (AMP) capping regions, are capable of complexing metals such as
Cu?*, Ni?*, and Zn?*, give rise to the family known as metallo-AMPs, which are
capable of boosting antimicrobial efficacy, as well as other activities.
Therefore, this review presents and discusses the different strategies for
creating N- and C-cap motifs in AMPs, aiming at fine-tuning this class of
antimicrobials.

KEYWORDS

capping motif, antimicrobial peptides, metallo-AMPs, amino acid motifs,
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1 Introduction

The affinity of antimicrobial peptides (AMPs) to the microorganism’s membrane have
been associated with the net charge and amphiphilicity (Tossi et al., 2000). In most cases,
short AMPs sequences with cationic and hydrophobic side chains undergo a coil-to-helix
transition from aqueous environments to membrane-like condition (e.g., bilayer
phospholipids) (Li et al, 2022). These cationic a-helix AMPs usually as stable or
unstable pore formers. The unstable pores can generate a reorganization of the
membrane surface and consequently reorient proteins and receptors, resulting in a
change in the transmembrane potential, causing an imbalance and cell death (Loboda
et al., 2018; Donaghy et al., 2023). However, just as helices can be formed and incorporated
within the membrane to form pores, so can several different types of amphipathic structures
be formed, not necessarily imposed by a strict primary or secondary structural organization
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(Tossi et al., 2000). As well as helical amphipathic, resulting in part
from punctual interactions of the residues within a given sequence,
other environmental factors such as pH conditions, ionic strength,
and the presence of divalent cations are responsible for AMP activity
effectiveness (Donaghy et al., 2023).

In addition to their membranolytic activity on microbes, a-
helix peptides can cross the plasma membrane, through the
spontaneous translocation mechanism. They engage with
intracellular targets, including nucleic acids such as DNA and
RNA, preventing protein synthesis, and bind to other molecules,
such as enzymes and proteases, affecting important cellular
functions (Loboda et al., 2018). Simultaneously, they exhibit
minimal side effects in mammalian cells (Alexander et al,
2017; Li et al,, 2022). Implementing strategies to ensure that
AMPs establish a-helices to improve their interaction with
biological targets, particularly microbes, is crucial in the
development of active peptides. The stability of the secondary
a-helix is maintained by intramolecular hydrogen bonds formed
between the amide hydrogen and carbonyl oxygen atoms in the
peptide backbone at positions i and i+4 (Kanbayashi et al., 2022).
The emergence of helicity stems from the amino acid residues’
primary sequence and their interaction with the surrounding
environment (dos Santos Cabrera et al., 2019). The capping
motifs, which have a propensity to generate a-helices in a
peptide backbone, are well-documented features present in the
secondary structures of proteins and peptides (Kier et al., 2010).
These strategies have been a starting point and are used to
improve AMPs’ biological activities.

Capping motifs are extremely important for the stabilization
of the structure and, consequently, for the activity of AMPs (Park
etal., 2004). Specifically, peptides that form a-helices, N-cap, and
C-cap motifs, formed by a set of amino acids in sequence located
in the terminal parts of the secondary structure, influence the
stability of the helical structure. This stabilization results from
additional and unconventional hydrogen bonds, as they present
dihedral angles different from those found inside the helix (De
Rosa et al., 2022). In other words, the capping phenomenon
occurs through the contributions of hydrogen donor and
acceptor groups, accompanied by hydrophobic interactions at
the ends of the helix, as well as polar residues in the helix (Aurora
and Rose, 1998). The participating amino acids experience a loss
of free energy, favoring the folding and stability of the helical
structure (Serrano and Fersht, 1989).

For example, the presence of a Lys residue at the C-terminus
is responsible for stabilizing helix formation in polyalanine
peptides with seven or more residues (Zabuga and Rizzo,
2015). N-capping motifs have been shown to promote
amphipathic helical peptides’ interaction with hydrophobic
surfaces,  dramatically  altering  the  hydrophobicity
characteristics of individual amino acid residues (Spicer et al.,
2014). Recently, an unusual N-capping motif was identified and
formed by an asparagine-lysine-proline (Asn-Lys-Pro) motif.
This motif is present in the PaDBS1R7 peptide and has a role
in the hybrid
contributing to a diverse range of biological activities (Cardoso
et al., 2022).

Therefore, in the following topics, we will address the

structural formation (coil/N-cap/a-helix),

importance of the capping motifs for the stabilization of the
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secondary structures of AMPs, as well as how it can influence
the activity of these molecules. Furthermore, we will discuss
motifs composed of amino acid sequences and explore
unusual modifications on terminal regions that facilitate
helical structuring and enhance activity. Additionally, the
capping effects due to unusual groups that initiate the
nucleation of peptides as helices will be explored. We will also
cover coordination interactions between AMPs and metals,
resulting in macrostructures that enhance peptide activity.
Employing these motifs is a promising approach for the
development of more effective AMPs.

2 Improving the structure of AMPs to
enhance their activity

In spite of recent progress, the translational clinical development
of AMPs faces challenges, leading to delays in current design
strategies (Jiang et al., 2021). A key strategy involves introducing
capping motifs, taking advantage of changes in structural features
within peptides to promote nucleation and stabilization of a-helix
structures. This approach is crucial because helices play a pivotal role
as secondary structures, influencing the activity of AMPs through
molecular recognition.

The importance of helical structure allows AMPs to be
continuously exploited for potential individual use or in
combination with established antibiotics, especially in the new
era of treating multidrug resistant bacteria affecting both human
and animal health (Lei et al., 2019; Fu et al., 2023). Highlighting their
advantages, AMPs offer a slower emergence of resistance, rapid
lethal action, and effective control of biofilms, positioning them as
optimal candidates for treatment of drug-resistant pathogens
(Magana et al., 2020). Furthermore, these peptides have shown
immunomodulatory  effects, either by diminishing the
inflammatory response triggered by endotoxins, inducing the
synthesis of pro-inflammatory factors, or eliciting the secretion of
cytokines (Lei et al., 2019).

Different
substitutions and/or residue additions to the primary AMP

chemical modifications, including specific
sequence can be used, along with computational approaches to
analyze physicochemical and structural properties from the
combinatorial library, thus providing analogs with improved
activity (Ong et al,, 2014; de Oliveira et al., 2023). Among the
possible strategies, we can cite the substitution of specific
residues, total or specific change of the stereochemistry of
amino acids, as well as N- and C-terminal modification,
cyclization, and stapling (de Oliveira et al., 2023). Other
classic ways to improve the activity and performance of AMPs
are the insertion of unusual amino acids, tricyclic groups, and
modifications on the scaffold to generate peptidomimetics (Petri
et al., 2022). Hybrid computational methods, such as the
combination of different experimental data with molecular
dynamics simulations (Mondal et al., 2023), can be employed
to predict information to improve secondary structures in
peptides. Additionally, artificial intelligence algorithms, such
as machine and deep learning (Jiang et al., 2023; Yue et al,
2024), as well as geometric deep learning (Fernandes et al., 2023),
contribute to this advancement. This approach has recently
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TABLE 1 Structure, capping type and interaction of some unusual groups described in the literature for AMP optimization.

Template/ Structures Capping Interactions Cap/ i References
group/name type Function
N-monosubstitutions O C-cap Resistance to proteases - Svenson et al.
into C-terminal (2008)

amidations
Peptide X\)ﬁ\©

1 (benzyl); 2 (phenethyl)

N,N-disubstitutions into (0] C-cap Resistance to proteases - Svenson et al.
C-terminal amidations (2008)

Peptide)J\T
R

R= 'CH3; 'CHons; -CGH5

Chem (0] N-cap Resistance to proteases, as hybrid Pasupuleti et al.
NH2 well as induction of helix 30-a (2009)
formation by chair helices
NH-Pyrrhocoricin(2—20)-COOH conformation due to the

cyclohexane structure

Dap (Ac) C-cap Resistance to proteases - Pasupuleti et al.
2009
NH,-Pyrrhocoricin(1-19)- HNj)l\ (2009)

HN
O
Two prolines linked by a (Ala)n-OtBu (n=1 -6) N-cap H-Bond between NH(Ala- hybrid Kemp et al.
thiomethylene unit | 1) and C=0* (acetamide) (i, 30-a (1991)
(-CH,-S-) i+3); C=0 in the C-3 and helices

NH(Ala-2) (i, i+2) and
NH(Ala-3) (i, i+3).
Observed by NOE and
ROESY experiments

Three prolines linked by (A|a)n-OH (n=1 -6) N-cap H-Bonds between: NH(Ala- hybrid Kemp and
two thiomethylene units | 1) and C=0* (Pro) (i, i+3); 310 Rothman (1995)
(-CH>-S-) Oxygen in the C-3 and helices

NH(Ala-2) (i, i+2) and
NH(Ala-3) (i, i+3).
Observed by NOE and
ROESY experiments

“lH

(Continued on following page)
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TABLE 1 (Continued) Structure, capping type and interaction of some unusual groups described in the literature for AMP optimization.

Structures

Template/

group/name

Interactions Cap/  Helix  References

Function

Capping

ProM-5 Peptide

type type
H-Bonds between: NH
(Gly) and carboxylate; C=O
of N-acetyl-B-homo-Asp
and NH(amino acid-1) (i,
i+4); C=0 in the first
proline and NH(amino
acid-2) (i, i+3). Observed by
CD and 2D NMR
experiments

N-cap a-helix | Hacketal. (2013)

$,5-9-0

Peptide

0 NH
Ty
Nio o}

Complex bicyclic

Dap (Ac): N-acetyl-2, 3-diamino propionic acid; Chem: 1-amino-cyclohexane-carboxylic acid.

become a valuable tool to understand the structure-activity
relationship of AMPs and to design the next-generation of
peptides with improved properties.

With these strategies, it is possible to solve problems such as
susceptibility to proteases, but also in specific cases, three-
dimensional structuring can be favored, such as o-helix,
seeking to improve molecular interactions of AMPs with
biological targets such as proteins, receptors, nucleic acids,
infectious

and other biomolecules of interest related to

diseases caused by microbes.

3 Capping motif effects due to unusual
groups for AMP optimization

The insertion of specific amino acid motifs into N-cap or
C-cap regions has been observed to induce the formation of AMP
helices, consequently enhancing their activity against molecular
targets. This phenomenon is attributed to the intramolecular
interactions among the residues within the peptide backbone
(Aurora and Rose, 1998), which provide the necessary balance of
rigidity and flexibility to facilitate the structural conformation of
a helix (Babii et al., 2017). Natural amino acids play a significant
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Austin et al.
(1997)

Induction to a-helical a-helix
conformation (between
50% and 75% helicity).

Observed by CD

N-cap

Mahon and
Arora (2012)

H-Bond between NH (first a-helix
amino acid) and the last of

the carbonyls

N-cap

role in enhancing the performance of AMPs, as the side chains
within peptides and proteins contribute to molecular recognition
through steric and electronic effects (King et al., 2021), but other
modifications involving unusual groups can also contribute to
their performance.

The capping motif phenomenon in linear peptides also
encompasses  terminal  modifications  (Table 1).  These
modifications can prevent chain degradation by reducing the
vulnerability of peptide bonds to proteolytic cleavage (Behrouz
2023; 2023).
modifications at the ends of sequences employ unconventional

et al, Ding et al, Furthermore, specific
conformational motifs, forming intramolecular H-bond pairs to
enhance both the structural characteristics and activity of AMPs
(Aurora and Rose, 1998).

Among the most commonly employed modifications are
N-terminal acetylation and C-terminal amidation strategies,
aimed at enhancing the conformational stability and availability
of active AMPs, while maintaining or enhancing their antimicrobial
potency (Mura et al., 2016; Mwangi et al., 2023). These are crucial,
especially considering the susceptibility of AMPs to degradation by
exopeptidases (Magana et al., 2020). For instance, the N-terminal
acetylation can facilitate helix nucleation through interactions with

the side chain or backbone hydrogen donor of Arg in Ac-Leu-Leu-
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Arg motifs (Chang et al., 2000); as well as the N-terminal amidation
in modelin-5 (Lys-Leu-Ala-Lys-Lys-Leu-Ala-Lys-Leu-Ala-Lys-Leu-
Ala-Lys-Ala-Leu), contributes to stabilizing helix formation, leading
to enhanced levels of amphiphilic helix at a lipid interface, and
increasing the efficacy approximately 10-fold in tests against
Enterococcus coli when compared to peptide not amidated
(Dennison and Phoenix, 2011).

In short peptides (of the type Arg-X-Arg-Y, where X is the 4-
phenylphenylalanine residue), stability and resistance against
trypsin increase when N-monosubstitutions (N-benzyl and
N-phenethyl) and N,N-disubstitutions (N-methyl-N-benzyl;
N-ethyl-N-benzyl, and N,N-dibenzyl) are introduced into
C-terminal (in Y). It should be noted that
monosubstituted derivatives with N-phenethylamide groups
presented good stabilities in various peptides that have X with

amidations

different aromatic residues (Svenson et al., 2008).

Pyrrocoricin is an AMP from insects that excels against gram-
negative bacteria. The peptide has the sequence Val-Asp-Lys-Gly-
Ser-Tyr-Leu-Pro-Arg-Pro-Thr(X)-Pro-Pro-Arg-Pro-Ile-Tyr-Asn-
Arg-Asn, where X is the disaccharide radical 2-(acetylamino)-2-
deoxy-3-0-B-D-galactopyranosyl-a-D-galactopyranosyl anchored
to the oxygen of Thr-11. Pyrrocoricin analogues were synthesized
by Otvos et al. (2000) using the linear sequence without the
disaccharide moiety and making changes to the N- and
C-termini to improve its resistance to proteases. Additional
amino acids were added at the N-terminus, along with
acetylation (Ac-Lys-, Ac-Lys-Val-Asp-Lys-, Ac-Arg-), as well
as the addition of the Chem group (1-amino-cyclohexane-
carboxylic acid). At the C-terminus, the Dap (Ac) group
(N-acetyl-2,3-diamino propionic acid) was added. The results
indicate that modification at either end of the termini resulted in
a decrease in the antibacterial efficacy of the parent pyrrocoricin.
Among the peptides modified at the N- or C-termini, those with
the Chem group at the N-terminal and the Dap (Ac) group at the
C-terminal appear to retain some of the antibacterial activity of
the parental pyrrocoricin. An analogue with both modifications
showed high potency against bacteria and a lack of toxicity in
vivo. The effects of protecting groups at the N- and C-termini
play a crucial role in the stability of the peptide in the presence of
proteases (Otvos et al., 2000). Peptides containing unusual
N-terminal amino acids, such as 1-aminocyclopentane-1-
carboxylic acid (Acc5) and 1-aminocyclohexane-1-carboxylic
acid (Chem group), necessarily adopt folded structural
310/a-helical of the
conformational space (Santini et al., 1988; Valle et al., 1988).

conformations, in the regions
In the case of the Chem residue, the cyclohexane structure
provides a perfect chair conformation, with the amino group
in the peptidic bond located axially and the carboxylate group in
the equatorial position. This arrangement favors interactions at
the beginning of the N-terminus and promotes a helical structure
in the backbone (Paul et al., 1986; Valle et al., 1988).

To enhance their resistance to high salt concentrations, Chu
etal. (2013) incorporated 1 to 3 repeats of B-naphthylalanine (NaI)
at the C-terminus of the Trp-rich synthetic S1 AMP (Ac-Lys-Lys-
Trp-Arg-Lys-Trp-Leu-Ala-Lys-Lys-NH,). They observed that all
three peptides (S1-Nal, S1-Nal-Nal, and S1-Nal-Nal-Nal) were
more potent than the unmodified peptide, and the ones with two
and three Nal residues still retained their antibacterial activities
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even with the addition of 300 mM NaCl. Moreover, the peptide
with three Nal residues maintained almost 100% integrity after 8 h
in bovine calf serum (Chu et al., 2013). Previously, the insertion of
motifs containing 2 and 5 Trp into the C-terminus of kininogen-
derived AMPs, including Lys-Asn-Lys-Gly-Lys-Lys-Asn-Gly-Lys-
His (KNK10), Gly-Lys-His-Lys-Asn-Lys-Gly-Lys-Lys-Asn-Gly-
Lys-His-Asn-Gly-Trp-Lys (GKH17), and His-Lys-His-Gly-His-
Gly-His-Gly-Lys-His-Lys-Asn-Lys-Gly-Lys-Lys-Asn ~ (HKH17),
resulted in an enhanced antimicrobial effect against microbes
(S. aureus, E. coli, and C. albicans). Additionally, the modified
peptides exhibited robust stability against proteolytic degradation
by staphylococcal aureolysin V8 proteinase and human leukocyte
elastase (Pasupuleti et al, 2009; Schmidtchen et al., 2009).
Hydrophobic residues, such as Trp, Phe or P-naphthylalanine,
are compelling choices for the terminal positions in AMPs due to
their bulky, aromatic, and polarizable nature. These residues
interact with the phospholipid membrane, serving as anchors
for the peptide. When incorporated into highly cationic AMP
sequences, this anchoring effect promotes the formation of
membrane defects and facilitates rupture (Pasupuleti et al.,
2009; Chu et al., 2013).

Although some unusual groups located at the peptide’s
termini can prevent this degradation, their insertion can also
favor helicity, as is the case of cyclic proline mimetic motifs,
which can favor the nucleation of the a-helix when inserted in the
N-terminal region. As examples, there are templates with two and
three prolines, each linked to the other by a thiomethylene unit
(-CH,-S-) in the N-terminus of polyalanine peptides. Both
bicyclic templates serve as powerful motifs for initiating helix
formation. These motifs form an H-bond (i, i+3) between the
NH(Ala-1) group and the carbonyl group of acetamide (for the
template with two prolines) and the Pro (in the template with
three prolines); as well as two additional H-bonds formed
between the C=0 group of the first Pro and the NH groups of
Ala-2 (i, i+2) and Ala-3 (i, i+3) (Kemp et al., 1991; Kemp and
Rothman, 1995).

A synthetic tricyclic motif, denominated ProM-5 was
through the
vinylidene bridge into a diproline unit. ProM-5 acts as a

synthesized stereoselective  introduction of a
powerful structure for the nucleation of a-helix formation in a
linear polypeptide chain when incorporated as an N-cap. The
vinylidene bridge restricts the flexibility of the 8-membered ring
to adopt a favorable conformation by the addition of an N-acetyl-p-
homo-Asp residue located in the N-terminus in the last proline. This
conformation allows and induces the formation of intermolecular
interactions throughout the peptide chain (H-bonds: NH (Gly) and
carboxylate; C=0 of N-acetyl-f-homo-Asp and NH (amino acid-1)
(i, i+4); C=0 in the first proline and NH (amino acid-2) (i, i+3))
(Hack et al., 2013).

Another case involves using semi-rigid structures such as
hexahydroindol-4-one (3S,65)-diacid (S,S-9-0), which exhibits
an unusually induced (between 50% and 70%) a-helix formation,
as observed by circular dichroism (CD) when the ester-linked
attached peptide chain is present. By contrast, the helix did
not form when the peptide chain is coupled through an amide
linker, since a 3jo-type hydrogen-bonding pattern (i, i+3)
is expected in the structure in this condition (Austin
et al., 1997).
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Alternative approaches involve template motifs designed to
elongate and replicate spacing by incorporating groups of atoms
containing carbonyls, thus resembling the arrangement found in
other amino acid sequences. For instance, we can cite only one
enantiomer of a complex bicyclic structure, with three carbonyl
groups, which presents an increase in the peptides’ helicity anchored
at the N-terminus (Mahon and Arora, 2012).

Other strategies are post-translational modifications, for
example, N-methylation and N-alkylation (Petri et al., 2022),
sulfonation, and the addition of phosphate groups, which can be
carried out using known amino acid residues to gain chemical
diversity, but also to improve activity or availability (King et al.,
2021). The bioconjugation strategy is employed making use of
natural amino acids with nucleophilic chains such as lysine and
cysteine (Hoyt et al., 2019), but also non-canonical amino acids
with bioorthogonal groups, such as azides, ketones, and alkynes,
which allow subsequent chemical modification (Lang and
Chin, 2014).

Stapling has been designed to establish a connection between
side chains of natural or non-natural amino acids, forming at a
certain space a cyclic structure that stabilizes the molecule,
preserving a certain conformation and structure, while
limiting its flexibility (Chu et al., 2015; Fairlie and Dantas de
Araujo, 2016). This strategy has used modified amino acids
containing side chains with terminal vinyl groups that allow,
through Ru catalysts, a cyclic structure containing the new double
bond, a bridge produced by olefin metathesis reactions. These
cross-links can be added at positions i, i+3, and i, i+4 to obtain
one helical turn, but also between positions i, i+7, bridging two
helical turns (Chu et al., 2015; Cromm et al., 2015). To favor
helical structures using olefins side chains, bridges are installed at
positions 7, i+3 (with six or eight carbon atoms connector); and
another at position i, i+7, involving a cross-link with 11 carbon
atoms. In order to achieve this, it is necessary that the building
blocks have an R configuration at position i and an S
configuration at position i + n. For the i, i+4 bridge, the most
used architecture involves an eight-carbon cross-link derived
from two S-configured building blocks (Chu et al., 2015). The
bioconjugation of cysteines into peptides has also been used for
the optimization of them as well as proteins. The sulfhydryl
groups from cysteines and an appropriate bifunctional linker
allow the cross-link, carried out in solution with unprotected
peptides, through two steps. The first step involves one cysteine
reacting with the linker to form a linear mono thioether
intermediate, followed by an intramolecular ring closure
involving the second cysteine and the linker to give the
stapling. The advantage of using cysteines for stapling, in
relation to amino acids with vinyl groups as radicals, is their
easy incorporation into heterologously produced peptide
sequences (Fairlie and Dantas de Araujo, 2016). While this
strategy is commonly used to establish peptide sequences as
helices for enhancing protein-protein interactions (Timmerman
et al., 2005; Verdine and Hilinski, 2012; Cromm et al., 2015),
stapling insertion can also serve as initiators and stabilizers,
creating capping effects, when positioned at the beginning and
end of a given peptide sequence. Several studies describing the
introduction of staple have found an improvement in some
properties, such as providing high levels of helical, strong
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protection from proteolytic degradation (Shi et al., 2013),
improves the bioavailability (Bird et al., 2010), robust cell-
penetration and increase in target affinity (Verdine and
Hilinski, 2012; Findeisen et al., 2017; Verhoork et al., 2019).

As well as in defensins and other cysteine-rich peptides,
which have motifs such as a-helices and antiparallel p-sheets
typically stabilized by disulfide bonds (Cociancich et al., 1993;
Ehret-Sabatier et al., 1996; Zhu and Gao, 2013), it is possible to
generate cyclic and synthetic peptidomimetics, with cysteines
and form disulfide bonds to link the sequence through sites,
either head-to-tail or head-to-center, favoring or not a specific
structure. Cyclization generally helps stabilize the secondary
structure and preserve a specific bioactive conformation due
to confinement within a rigid structure. However, in certain
cases such as some grafted peptides, this constraint may lead
to a reduction in antimicrobial activity as it hinders their ability
to interact and insert into pathogen membranes or intracellular
targets (Rezende et al., 2021). Therefore, the design of this type of
peptide can include some intrinsic variables found in the
sequences of AMPs with disulfide bonds. The function of such
bridges is to maintain different stable motifs within the tertiary
structures, since it is believed that these conformations are
important to perform a certain recognition function in specific
receptors, playing a beneficial role for the organism that produces
them (Hogg, 2009).

The exchange of some functional groups for bioisosteres in
N- or C-capping regions in linear peptides also leads to improved
molecules that can both improve physicochemical characteristics
and enhance activity (Ding et al., 2023; Zhan et al., 2023).
Furthermore, non-peptide coupled to N-cap
tripeptides are active against viral serine proteases, which

fractions

result in excellent inhibitors of the aforementioned enzyme
(Nitsche et al., 2012; 2013).

4 Modulation of a-helix structures I?Iy
amino acid motif interactions into N-
and C-terminus

According to data in the Protein Data Bank (PDB), a-helices
constitute 57% of experimentally identified proteins, as reported
on the RCSB PDB website (https://www.rcsb.org/). These helices
are a predominant secondary structure commonly found in
globular proteins (Wang et al., 2022), and play a pivotal role
in molecular recognition (Bajpayee et al., 2023). In many
proteins, the a-helix motif serves as a recognition domain by
directly binding to other macromolecules (Guharoy and
Chakrabarti, 2007). Using these helical structures as a basis
for optimizing AMPs could serve as an additional feature,
because this approach might potentially broaden its impact by
influencing intracellular receptors, thereby improving its
efficacy. This is particularly significant since numerous AMPs
appear to operate
membranes, and not through protein-like receptors.

through interaction with microbial

The motivation to comprehend the process of a-helix formation
stems from the aspiration to design and develop stable and uniquely
folded a-helices, demonstrating novel biological functions and/or
therapeutic applications (Acharyya et al., 2019). In a short peptide
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sequence, nucleation is a higher energy step and involves the
organization of the initial three amino acids into a helical turn,
facilitated by specific (Mahon and
Arora, 2012).

Other non-covalent interactions such as metal-ligand,
salt

interactions, and m-7 stacking are important to the a-helix

stabilizing interactions

designed host-guest interactions, bridges, cation-m
stabilization, which can be achieved due to the presence of
appropriately spaced residues in the peptide chain (Yin, 2012).
The spatial distribution of amino acid residues along the folded
peptide can form discrete portions, which have hydrophobic or
hydrophilic properties (Kabelka and Vacha, 2021). In addition to
the fact that helical structures are often established in solution for
many peptides, a significant portion of them present the a-helical
structure and are enhanced in contact with target membranes
(Koehbach and Craik, 2019).

A study investigating the influence of salt bridges on helix
formation found that the polyalanine peptide AEP ((Ala)o-Arg-
(Ala);-Glu-(Ala),-Arg-(Ala),) stabilizes its a-helix structure
through a salt bridge between the side chains of residues Arg-
10 and Glu-14 at i and i+4 positions, respectively (Hong et al,,
2011). However, the replacement of Glu-14 with Arg in AP
((Ala)g-Arg-(Ala),-Arg-(Ala)4-Arg-(Ala),) did not increase the
stability of the a-helix, as it remained similar to the a-helix of the
original AEP, but with some different contributions (Hong et al.,
2011). The difference between the helices shows that in the a-
helix length distribution AEP is exposed to more numerous but
shorter length a-helix segments, which means that AEP has an
increased concentration of a-helix-turn-a-helix conformations
(Hong et al.,, 2011).

In addition, certain motifs are crucial for AMPs  secondary
structure formation, such as the nucleolin Thr-Pro-Ala-Lys-Lys
motif, in the peptides TP1 (Ac-Gly-Ala-Thr-Pro-Ala-Lys-Lys-Ala-
Ala-Gly-NH,) and TP2 (Ac-Gly-Ala-Thr-Pro-Ala-Lys-Lys-Ala-Ala-
Ala-Thr-Pro-Ala-Lys-Lys-Ala-Ala-Gly-NH,). At high pH and in the
presence of trifluoroethanol, both peptides adopt a helical structure,
likely stabilized via N-capping, with the threonine and proline sequence
initiating short helical segments in the motif. Analysis of the nuclear
Overhauser effect (NOE) spectra indicates that the helix starts from Pro.
However, Thr interacts with the side chain of the first Lys through two
NOE interactions at (i, i+2): NH(Thr) to H-p (Lys), and NH(Thr) to
NH(Lys). Consequently, the rest of the structure is stabilized by the
uncharged side chain of Lys (Xu et al., 1995).

Recently, we reported the effect of the Asn-Lys-Pro motif as
an N-cap in the peptide PADBS1R7 (Pro-Met-Ala-Arg-Asn-Lys-
Pro-Lys-Ile-Leu-Lys-Arg-Ile-Leu-Ala-Lys-Ile-Phe-Lys). It was
observed from nuclear magnetic resonance (NMR) data that
Asn-5 has a crucial role in stabilizing the a-helix, as a coil/
N-cap/a-helix structural scaffold, through hydrogen bonds
formed between the side chain of Asn and amino acid in the
main chain (Lys6, Pro7, Ile9 and Leul0). The N-cap effect is
mainly driven through Asn-5(NH in the side chain)/Lys-6(NH),
(i, i+1), and Asn-5(NH in the side chain)/Leu-10(NH), (i, i+5).
This peptide eradicated Pseudomonas aeruginosa biofilms as well
as showing decreased bacterial counts by 100-1000-fold in vivo
using a skin abscess mouse model (Cardoso et al., 2022).

Examination of both the */NHaH coupling constant and the
NOE experiments demonstrated that the X-Leu-Leu-Arg-Ala motif,

Frontiers in Chemistry

07

10.3389/fchem.2024.1382954

originating from the N-terminal segment of the leucine zipper (LZ)-
like domain of the HIV envelope gp4l glycoprotein—where X
denotes a group or amino acid residue capable of forming in van
der Waals interactions, hydrophobic interactions and/or hydrogen
bond with an arginine—functions as the nucleating core for the helix
in four synthetic decapeptides (Chang et al., 2000). Understanding
the role of amino acid residues in the N-terminal region is important
for the development of a-helical peptides. Asparagine is considered
the best residue for the N-terminal region to stabilize the helix, while
glycine is good, and glutamine is the worst residue for this position
(Chakrabartty et al, 1993). In fact, researchers suggest using
helicogenic residues to stabilize helical conformations, such as the
introduction of Asp and Lys to form lactam bridges (i, i+4) (Barazza
et al., 2005; Mimna et al., 2007).

In particular cases, stereochemical aspects also play a significant
role in the ability to form a-helical peptides. For example, the
replacement of N-terminal capping amino acid residues Lys-Leu-
Thr of peptide QK (Ac-Lys-Leu-Thr-Trp-Gln-Glu-Leu-Tyr-Gln-
Leu-Lys-Tyr-Lys-Gly-Ile-NH,), a vascular endothelial growth
(VEGF) short helical peptide, with the
corresponding D  enantiomers ("Lys-"Leu-"Thr) negatively
affected its ability to structure into an a-helix, which is

factor mimetic

fundamental to its biological activity (De Rosa et al., 2022).

Another important factor for helix formation is the size of the
side chain of amino acid residues such as Arg, for example,. Tests
over Ala-based peptides with N-terminal acetylation and C-terminal
amidation were conducted to evaluate the effect of side chain length
of Arg and Arg analogues ((S)-2-amino-6-guanidinohexanoic acid
(Agh), (S)-2-amino-4-guanidinobutyric acid (Agb) and (S)-2-
amino-3-guanidinopropionic acid (Agp)), as N-cap and C-cap.
The results demonstrated that all four peptides were unfavorable
for N-capping. The C-capping parameter followed the trend Agp <
Agb < Arg < Agh, showing more favorable C-cap energetics with
increasing side chain length (Cheng et al., 2012). By contrast, the
propensity for helix formation showed a tendency Agp < Agb >
Arg > Agh, highlighting the singularity and importance of the Arg
side chain and analogs for helix formation, in the C-cap region
(Cheng et al., 2012).

Various peptides were synthesized based on repetitions of the
sequence (Arg-Leu-Leu-Arg),, (n = 2-5), because this motif is
considerate a a-helix former. Among these, the peptide (Arg-
Leu-Leu-Arg)s exhibits this characteristic and has minimum
inhibitory concentrations (MICs) between 1 and 4 mM against
microorganisms (gram-negative bacteria, gram-positive bacteria,
and fungi); however, its effectiveness is reduced 32-fold in high
salt conditions (100 or 200 mM NaCl). Posteriorly, the Ala-Pro-Lys-
Ala-Met and Leu-Gln-Lys-Lys-Gly-Ile motifs were added to the
repetitions, in the N- and C-terminals, respectively. These last motifs
have amphipathic characteristics, a positive net charge, and show
interactions between the residues that allow nucleation peptides.
The (Ala-Pro-Lys-Ala-Met)
hydrophobic interaction between the side chains of Ala and Met
(i, i+4). Meanwhile, the C-terminal Leu-Gln-Lys-Lys-Gly-Ile motif
forms two H-bonds: one between the Leu amide group and the Ile

N-terminal motif presents a

carbonyl group (i, i+5), and another between the amide of the Gln
side chain and the carbonyl group of Gly (i, i+3). Interestingly, with
the addition of two capping motifs into the two peptide repetitions
(Ala-Pro-Lys-Ala-Met-Arg-Leu-Leu-Arg-Arg-Leu-Leu-Arg-Leu-
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Gln-Lys-Lys-Gly), the integrity of the MIC values (0.5 and 2 pg.mL™
for gram negative, gram-positive bacteria, and yeast) was observed at
NaCl concentrations equal to 200 mM, and its helicity was not
compromised. These motifs have the property of stabilizing the
helix, maintaining the structural integrity and antimicrobial activity
of the peptide at high salt concentrations (Park et al., 2004).

The synthetic peptide (Leu-Leu-Lys-Lys),-NH, was modified by
insertion of a Cys residue at the C-terminus and in both terminal
regions. Those modifications resulted in an enhanced a-helix
structure and significantly increased antibacterial activity against
B. subtilis (125 mg.L™* for both), compared to the parental peptide
(500 mg.L™"). Additionally, the presence of thiol groups in the
modified peptide enhances its antimicrobial potency against
gram-positive bacteria and yeast. Moreover, it broadened its
activity spectrum to include gram-negative bacteria, exhibiting
potency levels of >500mg.L™' against E. coli and 63 mgL™"
against P. aeruginosa for (Leu-Leu-Lys-Lys),Cys, and 225 mg.L™
against E. coli and 125 mg.L™" against P. aeruginosa for Cys-(Leu-
Leu-Lys-Lys),-Cys. Notably, the latter peptide exhibited enhanced
pore formation (Wiradharma et al., 2011). Furthermore, this peptide
effectively eradicated clinically isolated carbapenem-resistant
Acinetobacter baumannii in mouse models of peritonitis and
pneumonia infections (Huang et al, 2012), and it also exhibited
activity in vitro against susceptible and multidrug-resistant clinical
isolates of M. tuberculosis (Khara et al., 2014).

The C-terminal region is also important for stabilizing the a-
helix and, consequently, maintaining activity, particularly when a
polar side chain may be taking place. In a study by Kallenbach and
Gong, peptides (based on the parental sequence Tyr-Met-Ser-Glu-
Asp-Glu-Leu-Lys-Ala-Ala-Glu-Ala-Ala-Phe-Lys- Arg-His-Gly-Pro-
Thr) were stabilized with an N-terminal region containing a classical
Ser-X-X-Glu capping box (Ser-Glu-Asp-Glu motif), while several
different capping motifs were tested near the C-terminal region to
evaluate stabilization capacity (Kallenbach and Gong, 1999). The
capping box, Ser-X-X-Glu, was identified by Harper and Rose, as a
helix initiator component in the N-terminus of proteins (Harper and
Rose, 1993). This motif involves two hydrogen-bonding interactions
between the side chain and the main chain: (i, i+3). The first occurs
between the Ser side chain and the amide of Glu, and the second
occurs between the Glu side chain and the amide of Ser (Harper and
Rose, 1993). Among substitutions in the three last amino acids at the
C-terminus, an exceptionally strong interaction occurs when an
Asn-18 residue is present in the Asn-Pro-Thr motif, interacting
through its amide group in the side chain with the carbonyl group of
the Phe-14 three residues away, forming a 3;,-helix. This interaction
(i, i+4) produces a greater propensity for helicity in this case. By
contrast, the side chain of Gly-18 in the Gly-Val-Pro motif, also in
the C-terminus, forms a double main chain-main chain H-bond
with Phe-14 (Gly-18/Phe-14; (i, i+4)) and Lys15 (Gly-18/Lys-15; (i,
i+3)). Here, the Pro-20 enhances the structure through nonpolar
interaction of its side chain by interacting with the aromatic ring of
Phe-14, collectively stabilizing the N-terminal capping box
(Kallenbach and Gong, 1999).

The C-terminal Lys can structure a peptide with three amino
acids as a helix. This was demonstrated by Zabuga and Rizzo (2015),
when they detected a helix in the sequence Ac-Phe-Ala-LysH". In
this case, the Lys side chain forms three hydrogen bonds, where each
hydrogen of the ammonia group bonds to the carbonyls of the main
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chain, similar to what occurs in polyalanine helices (Zabuga and
Rizzo, 2015).

Evidence suggests that edge-face, offset-stacked or face-to-face
stacked aromatic interaction also plays a crucial role in the a-helical
monomeric structure. Edge-face and offset-stacked geometric
interactions are preferred between two phenylalanine residues
located i and i+4, respectively, whereas fully stacked geometry is
observed when phenylalanine - pentafluorophenylalanine are in a
similar position. In both cases, the interactions can stabilize helix
formation in a prototype polyalanine peptide, but the interactions
are stronger when the residues, in the same positions, are more
towards the C-terminal region. The prevalence of helical structures
and, consequently the diverse activities observed in AMPs, is
significantly influenced by the interaction between rotamer
populations of the aromatic chains. The interaction, particularly
at the C-terminal region, enhances the motif’s effectiveness in
promoting a-helices through the C-capping effect (Butterfield
et al., 2002; Koehbach and Craik, 2019).

Although capping motifs can give us answers about the
nucleation of the formation of a-helical structures, there are
other factors that influence the stability of these conformations
so that the role of complexes formed by interactions with metal ions
can also generate another part of this answer.

5 Modulation of activity of AMPs by
formation complexes with divalent ions

The role of metal ions cannot be underestimated, since studies
with different peptides, proteins, and non-peptide molecules
demonstrate their activity in intermolecular interactions within
cellular physiological processes. Additionally, they play a role in
enhancing the activity of molecules in the immune system. In the
last decade, several studies of complexes formed by motifs of AMPs
with divalent metal ions, such as Zn** and Cu** (Loboda et al., 2018),
have demonstrated the role of these ions in boosting the
antimicrobial activity of these substances. This subfamily within
the AMPs is called metallo-AMPs and has attracted attention
because it has allowed the importance of this complex in the
immune system to be demonstrated. Such potentiation may be
related to the fact that the binding of an AMP to the metal
removes the availability of the microbe to the ion, causing it to
suffer due to the deficit of the metal. Alternatively, this complexation
could improve the structure or charge of the peptide (Loboda
et al.,, 2018).

The classification of the relationships between metal cations and
AMPs has been described as falling into three classes, explaining the
modes of action. However, it is essential to note that this
classification is not unique, and there may be other forms. The
system was primarily based on Zn**, as the relationship between
Zn**-AMPs has provided sufficient information to establish their
synergistic relationship. Hence, class I is distinguished by the
modulation of AMP activity through metal ion binding. In this
class, cations can act as a cofactor that either enhances or inhibits the
antimicrobial activity of AMPs. In class II, AMPs may regulate
cation availability within the host. This implies that AMPs can either
enable the availability of ions if the host restricts them from the
microbe or increase the concentration of the cation within the
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pathogen, leading to toxicity. In class III, cations may indirectly
influence the activity of an AMP, and the existence of an ion-AMP
complex is not a requirement. In this scenario, the cation enhances
the activity of an AMP by inhibiting the microbe’s responses
(Donaghy et al., 2023).

Among the mechanisms mentioned earlier, we can highlight
class I, which is the most commonly observed in certain AMPs and
Zn** jons. Dermcidin-derived peptides belong to a family resulting
from the proteolysis processes of dermcidin (DCD), a protein
expressed by sweat glands. These peptides play a role in the
skin’s immune defense system, and within them, DCD-1 and
DCD-I1L are the major ones. Both peptides have demonstrated
efficacy against both gram negative and gram-positive bacteria
(E. coli, Enterococcus faecalis, and S. aureus), as well as yeasts like
C. albicans, in buffer solutions with conditions of pH, ionic strength,
and sodium, potassium, magnesium and chlorine ions, which
(Schittek et al., 2001).
Structurally, these two peptides present a wide range of residues
with polar groups (-OH) and donors of protons (-COOH), the latter
being acidic groups that confer a total charge of -2 at neutral pH.

simulate human sweat conditions

Both peptides adopt an undefined random conformation in aqueous
solution; however, DCD-1L adopts an a-helix structure in the
presence of surfactants that mimic the cell membrane of gram-
negative bacteria (Steffen et al., 2006; Paulmann et al., 2012). The
mechanism of action of dermcidin-derived peptides is attributed to
the formation of oligomerization (composed of dimers and trimers),
a structure believed to be important in antibacterial activity. This
oligomerization structuring has been observed in an in vitro
experiment involving DCD-1L in human sweat, and it seems that
Zn*" jons play a crucial role in stabilizing the oligomeric structure
and in the boosting activity. Activity reduction becomes apparent
upon the addition of a chelating agent, such as EDTA (Paulmann
et al.,, 2012).

Dermcidin-derived peptides, with DCD-1L (Ser-Ser-Leu-Leu-Glu-
Lys-Gly-Leu-Asp-Gly-Ala-Lys-Lys-Ala-Val-Gly-Gly-Leu-Gly-Lys-
Leu-Gly-Lys-Asp-Ala-Val-Glu-Asp-Leu-Glu-Ser-Val-Gly-Lys-Gly-
Ala-Val-His-Asp-Val-Lys-Asp-Val-Leu-Asp-Ser-Val-Leu) as  a
significant constituent, exhibit a mechanism of action attributed to
class L. In this process, Zn** ions play a crucial role in structuring
oligomers, forming “ion channels” or pores in bacterial membranes
(Paulmann et al.,, 2012). The structuring was carried out in a solution of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine ~ (POPE)/1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho (1'-rac-glycerol) (POPG) in
amolar ratio 3:1. The elucidation by X-ray diffraction (XRD), solid-state
nuclear magnetic resonance (ssNMR), and molecular dynamics (MD)
shows that DCD-1L forms a trimer of Zn®* bridge dimers. Each dimer is
formed by paired peptide helices oriented in head-to-tail directions and
coordinated to Zn** ions as the central atom via Glu-5, Asp-9 (i, i+4 and
i, i+9 motifs at N-terminus), and His-38' and Asp-42’ (i, i+38' together
with 7, i+42' in C-terminal). For the formation of trimers, stabilization of
the dimers occurs through the pairs Asp-24/Asp-28 and Asp-24"/Asp-
28" in the center of the helix, which coordinate with Zn*". In total, six
polypeptide chains form a hexameric channel that creates a pore
resembling a barrel inside the membrane. The Zn**:DCD-1L
complex was observed to form in a 1:1 ratio, where all Zn** ions
neutralize the charge of the hexamer (Figure 1) (Song et al., 2013).

Likewise, certain motifs in AMPs that exhibit binding to
transition metals have been reported. Generally, such interactions
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are attributed to residues with neutral, basic, or acidic polar side
chains in AMPs, which contain heteroatoms capable of coordinating
with these metals. As an example, we can cite the His-Gly-Phe-Ser-
His motif found at the C-terminus, between amino acids 17-21 of
the peptide clavanin A (Clav-A: Val-Phe-Gln-Phe-Leu-Gly-Lys-Ile-
Ile-His-His-Val-Gly-Asn-Phe-Val-His-Gly-Phe-Ser-His-Val-Phe-

NH,) (Duay et al., 2019). Clav-A is a representative within the group
of peptides known as clavanins, isolated from the tunicate Styela
clava. Cationic, amphipathic and rich in His, it is an a-helix-forming
peptide, and has a broad spectrum of antimicrobial action against
bacteria and fungi. It distinguishes itself by its wide-ranging efficacy
against methicillin-resistant Staphylococcus aureus (MRSA) at
pH 5.5. At physiological pH (pH 7.4), it shows less effectiveness,
but it also exhibits activity under high salt conditions. These data
suggest that Clav-A has different modes of action under different
pH and salt conditions (Lee et al., 1997). In the presence of Zn** ions,
the activity of Clav-A is increased 16-fold, and it seems that this
increase is derived from the stabilization of this ion in the His-Gly-
Phe-Ser-His motif, where His-17 and His-21 are located (i, i+4) and
each one is responsible for coordination. Molecular modeling on the
Zn**-Clav-A system in membrane environments demonstrates that
the mechanism of action may be attributed to the coordination,
providing strong electrostatic interactions between the complex
(His-Gly-Phe-Ser-His motif at the C-terminus of Clav-A) and the
lipid layer, leading to membrane dissociation (Duay et al., 2019).

At physiological pH, Clav-A can independently engage with the
membrane of gram-negative bacteria, subsequently leading to
membrane distortion and changes in cellular functionality, such
as the inhibition of division in E. coli (Juliano et al., 2020). In
contrast, at acidic pH, Clav-A seems to exhibit two mechanisms of
action. The first involves binding to ionophores, deactivating their
function, and facilitating the transfer of ions between the cytoplasm
and the extracellular environment. This enables Zn** ions to enter
the cell, causing Clav-A to act similarly to indolicin, which inhibits
DNA synthesis. Additionally, there may be a translocation of the
peptide, Zn**, and/or Zn**-Clav-A complex across the membrane
(Juliano et al., 2017). In the latter case, the Zn**-Clav-A complex
may influence cytoplasmic DNA through a mechanism proposed by
Juliano et al. (2020). The mechanism, investigated through quantum
mechanics/molecular mechanics (QM/MM) calculations, suggested
that Zn*', in the Zn**-Clav-A complex, acts as a Lewis acid,
activating the P-O bonds in DNA. A hydroxyl group from water
then nucleophilically attacks the electrophytic phosphorus, cleaving
the P-O bond activated by Zn>". The breakage of the phosphoester
bond hydrolyzes bacterial DNA (Juliano et al., 2020).

A complex of divalent copper (Cu®") and nickel (Ni**) ions in
amino-terminal motifs, called (ATCUN), has been found in specific
AMPs. These motifs are thought to be essential in boosting the
oxidative action mechanism (Alexander et al., 2017). One such
examples is ixosine, a peptide isolated from the tick Ixodes
sinensis, which exhibits a similar effect on the lipid membranes
of bacteria. The mechanism also appears to be class I, according to
the classification by Donaghy et al. (2023), through a strategy
employed by the tick in using Cu®* ions as part of the activation
of its immune defense against bacterial infections. In the case of
ixosine (Gly-Leu-His-Lys-Val-Met-Arg-Glu-Val-Leu-Gly-Tyr-Glu-
Arg-Asn-Ser-Tyr-Lys-Lys-Phe-Phe-Leu-Arg), the first three amino
acids (Gly-Leu-His) are the motif responsible and that can
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Trimers, a hexameric channel
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DCD-1L forming a trimer of Zn?* bridge dimers, a hexameric channel. Dimers are formed by paired peptide helices (2X) oriented in head-to-tail
directions and coordinated to two Zn?* ions through Glu-5, Asp-9 (;, i+4 and i, i+9 motifs at N-terminus) and His-38' and Asp-42’ (j, i+38’ together with j,
i+42" in C-terminal). The formation of trimers occurs through the Asp-24/Asp-28 and Asp-24'/Asp-28' in the center of the helix, which coordinate with
one Zn**ion. This last interaction stabilizes each dimer in the trimer. This figure was created using Inkscape, version 1.3.0.

coordinate to Cu®* and Ni**. Similar motifs like NH,-AA;-AA,-His,
are found in proteins such as albumins and protamines, which
coordinate these two metals through the terminal amino group, the
-NH- group of AA,, and the imidazole ring of histidine (Melino
et al.,, 1999; Libardo et al., 2016). In ticks, it seems that the Cu®*-
ixosine complex plays a role in mediating molecular oxygen-
dependent lipid peroxidation of phospholipids to produce
reactive oxygen species (ROS). The authors theorize that these
ROS leads to the intramolecular formation of aldehyde-type
carbonyl compounds, derivatives capable of reacting with amino
groups of other AMPs, such as ixosine B, for example, to form Schiff
bases. This allows the binding of AMPs in the membrane, forming
helices as they interact closely with the membrane to create pores
(Figure 2) (Libardo et al., 2016).

Using an in silico approach, our group previously redesigned the
AMPs, CM15 (Lys-Trp-Lys-Leu-Phe-Lys-Lys-Ile-Gly-Ala-Val-Leu-
Lys-Val-Leu-NH,), and citropinl.l1 (Gly-Leu-Phe-Asp-Val-Ile-Lys-
Lys-Val-Ala-Ser-Val-Ile-Gly-Gly-Leu-NH,), by the addition of
ATCUN motifs (Gly-Gly-His or Val-Ile-His) at their N-terminus. It
is noteworthy that both motifs, when inserted into CM15, were shown
to enhance activity against carbapenem-resistant Klebsiella pneumoniae
(KpC+ 1,825,971) by 4-fold for Gly-Gly-His-CM15 and 8-fold for His-
Ile-Val-CM15. By contrast, modification of both ATCUN motifs in
citropinl.1 resulted in a 3-fold decrease in antimicrobial activity when
tested against both gram negative and gram-positive bacteria. CD
spectra for CM15 peptides containing both ATCUN motifs showed
an increase in helicity in the absence of Cu® (Agbale et al,, 2019).
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Histatins are small peptides released by the parotid and sub-
mandibular salivary gland in both humans and primates. These
peptides are generally cationic and rich in histidine, playing a key
role in antimicrobial activity against bacteria and fungi, wound
healing and the buccal immune system (Tay et al., 2009; Puri and
Edgerton, 2014). Among the most potent is Histatin 5 (Hst-5: Asp-
Ser-His-Ala-Lys-Arg-His-His-Gly-Tyr-Lys-Arg-Lys-Phe-His-Glu-
Lys-His-His-Ser-His-Arg-Gly-Tyr), resulting from the proteolytic
degradation of histatin 1 and 3. Hst-5 is active against Cryptococcus
neoformans, Aspergillus fumigatu, Candida albicans and other yeasts
(Helmerhorst et al., 1999). It also exhibits activity against multiple-
drug-resistant pathogens (ESKAPE: Enterococcus faecium, S. aureus,
K. pneumoniae, A. baumannii, Pseudomonas aeruginosa, and
Enterobacter species), causing hospital or nosocomial infections
(Du et al,, 2017). Hst-5 presents part of an ACTUN motif (Asp-
Ser-His) in its N-terminal as well as the His-X-X-X-His-His motif in
its N-terminal and the His-Glu-X-X-His motif in its C-terminal for
Zn** coordination. Apparently, the union of Zn** and Cu®* in the
respective motifs confers stabilization on the a-helix structure
(Cragnell et al, 2019; McCaslin et al, 2019), and data from
several studies on the metal-Hst-5 complex suggest significant
consequences for increased activity. In the work by Melino et al.
(1999), it was observed that the Zn*'-Hst-5 complex exhibits a
catalytic effect on the fusion of negatively charged lipid vesicles via a
mechanism of action that involves electrostatic interactions
mediated by the formation of dimers (Melino et al, 1999).
Additionally, 7Zn** ions have shown to increase the bactericidal
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FIGURE 2

Interaction between antimicrobial peptides (AMPs) and metal

ions (M). In class | interactions, certain cations can either enhance or

inhibit the antimicrobial activity of AMPs by acting as a cofactor. (A)

Some metallic ions bind to AMPs through specific amino acids,

resulting in the formation of dimers. (B) The M-AMP complex can then

interact with the cell membrane, forming pores or evolving into more
(Continued)
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complex structures by joining dimers to create channels.
Additionally, certain complexes like Cu®* ions and AMPs with the
ATCUN motif can lead to the production of reactive oxygen species
(ROS) through oxygen-dependent lipid peroxidation of
phospholipids, ultimately causing cell membrane disintegration. (C)
These channels formed allow the passage of AMPs and/or metal ions
into the cell, where they can interact with intracellular targets. (D) If
AMPs fail to interact with intracellular targets, pore and channel
formation can destabilize the cell membrane, resulting in cell death
and the leakage of cellular material. This figure was created using
Inkscape, version 1.3.0.

activity of histidine-rich peptides against E. faecalis (Rydengard
et al., 2006).

The formation of ROS has been proven through several
experiments where the complex is formed between Cu’* and
peptides containing ATCUN, such as those of Hst-5. For
example, by mass spectrometry, oxidized derivatives of a peptide
analogue of Hst-5 (P1: Asp-Ser-His-Ala-Lys-Arg-Ala-His-Gly-Tyr)
were detected after the addition of ascorbic acid to a 1:
1 stoichiometry solution of Cu**:P1 complex. After 5min of
exposure to the reductant, it was possible to identify the presence
of adduct ions with an increase of 16 and 32 Da in the mass of P1
(Cabras et al.,, 2007). Additionally, the same copper complex, using
Hst-5 or Hst-8 (Lys-Phe-His-Glu-Lys-His-His-Ser-His-Arg-Gly-
Tyr), revealed an increase in ROS production, including
hydrogen peroxide, at physiological concentrations of ascorbic
acid in vitro experiments. Here, Houghton and Nicholas (2009)
observed the production of hydrogen peroxide using the Amplex
Red assay, by incubating at 20°C for 60 min the peptide stock
solutions (Hst-5 or Hst-8) containing copper chloride and
buffered ascorbate. The Amplex Red assay is based on the
oxidation of 10-acetyl-3,7-dihydroxypenoxazine, —which is
catalyzed by horseradish peroxidase (HRP) in the presence of
H,0, to produce a red fluorescent oxidation product, which is
monitored at 570 nm (Houghton and Nicholas, 2009). This finding
further supports the effects of ROS production on bacteria killing
(Libardo et al., 2016), and control of the metal-peptide complex in
candidiasis infections. In C. albicans, mitochondria produce
superoxide dismutase (Sod5) dependent on Cu/Zn/Mn, which is
induced under conditions of oxidative stress. The enzymatic activity
of yeast can be a target due to the transmetalation of such ions
mediated by Hst-5 (Martchenko et al., 2004). The complex between
Zn**-Hst-5 is similar to that formed by DCD-1L and ClavA, with 2:
2 stoichiometry, where each Zn*" ion coordinates with four histidine
residues, two of which are in a polypeptide chain of Hst-5. Some
studies suggest that Hst-5 activity in Candida species is dependent
on Zn** concentration since the low ratio (0.5:1 or less) of the metal
in the complex has been shown to have improved antifungal activity
in comparison with the peptide alone. This improvement can be
attributed to cellular reorganization induced by Zn**, decreasing the
ability to adhere to the cell wall of the host (Norris et al.,, 2020).
Nevertheless, at higher ratios (1:1 or higher), Zn>* ions seem to
impede the antifungal activity of Hst-5 against C. albicans
(Campbell et al., 2022). According to Stewart et al. (2023), both
higher and lower proportions of Zn>" in the Zn**-Hst-5 complex do
not exert an effect on improving or suppressing the effect on
multiple species of Streptococcus, which normally colonize the
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oral cavity. Additionally, Hst-5 does not cause Zn>* starvation in this
genus, as it does not compete for Zn>* binding with the Zn** uptake
protein AdcAI (Stewart et al., 2023). The above study, along with
others, suggests that Hst-5 may play a role in the development of
certain species of oral cavity microorganisms, exerting selective
antimicrobial activity and maintaining microbial communities
regulated through Zn*' ion concentrations (Norris et al., 2021;
Campbell et al, 2022; Stewart et al, 2023). With all this
evidence, Hst-5 cannot be classified as belonging to class II;
instead, it appears to be able to act in class I or III.

Calcitermin ~ (Val-Ala-Ile-Ala-Leu-Lys-Ala- Ala-His-Tyr-His-Thr-
His-Lys-Glu) corresponds to the last 15 residues at the C-terminus
of calgranulin C, a member of the S100 family of antibacterial proteins
produced by neutrophils, monocytes, and keratinocytes (Gottsch et al.,
1999; D’Accolti et al., 2023). This AMP shows activity against several
pathogens (E. coli, P. aeruginosa, S. aureus, S. epidermidis, E. faecalis, C.
albicans, and L. monocytogenes), depending on the conditions (Cole
et al,, 2001). For example, at neutral pH (7.4), it does not show activity,
but at acidic pH (5.4), it is active against E. coli, P. aeruginosa, E. faecalis,
and C. albicans (Cole et al., 2001; Bellotti et al., 2019). In the presence of
Zn®" jons, its activity increases against E. coli and is effective against L.
monocytogenes (Cole et al., 2001). Coordination of two metals, 7Zn*" and
Cu™, occurs effectively at acidic pH, using His-9, His-11, His-13, and
different amino acid residues for each metal. In the case of the Zn*
complex, the carboxylate group of the side chain of Glu-15 participates,
but with Cu, the other ligand is the N-terminal group of Val-1. This
coordination improves the activity of the peptide against C. albicans, as
the MIC decreases to 1 pg.mL™" for both complexes. Meanwhile, the
complex with Cu** maintains activity against S. aureus in the same way
as non-complexed calcitermin. CD experiments for the Cu*'-
Calcitermin and Cu* with three other analogs
(substitution of each His with an Ala in the parental Calcitermin),

complex,

reveal that the metal in all complexes helps to adopt a helical-like
structure in the presence of membrane-mimicking sodium dodecyl
sulfate (SDS) (Bellotti et al., 2019).

Another peptide that relies on the presence of divalent ions is
Bacitracin. Isolated as a mixture of cyclic dodecapeptides from
Bacillus species, it contains both D- and L-amino acids and is
synthesized by nonribosomal peptide synthases (Economou et al.,
2013). Among these peptides, bacitracin A is the main constituent,
exhibiting the highest effectiveness against bacteria. It is selective for
gram-positive bacteria and shows limited activity against gram-
negative bacteria. It has been classified as class I according to
Donaghy et al. (2023) due to its binding with Zn*" ions, forming
a complex that enhances the activity of the cyclopeptide (Donaghy
et al, 2023). The Zn*'-Bacitracin complex binds to a lipid
intermediate  (undecaprenyl pyrophosphate),
transporter in the biosynthesis of the bacterial cell wall. The

an important
binding of the complex to the intermediate interrupts the flow of
peptidoglycan precursors, leading to the inhibition of cell wall
formation and, consequently, negatively affecting bacterial
development (Economou et al., 2013). The stoichiometry of the
complex  formed  between  Zn’'-bacitracin-undecaprenyl
pyrophosphate has been reported as 1:1:1. These data were
suggested by crystallization experiments performed on the Zn>'-
bacitracin-geranyl pyrophosphate complex. In this complex, Zn**
coordinates mainly with the N-terminal region of this AMP, and

geranyl pyrophosphate is also involved. Specifically, bacitracin
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engages both geranyl pyrophosphate and Zn®* ions in the
coordination process. In this coordination, bacitracin employs the
terminal amino group, the nitrogen on the thiazoline ring, and the
carboxylate of Glu-4. By contrast, the lipid participates use the
oxygens of the pyrophosphate group, which, together with a water
molecule, assume an octahedral geometry. In this case, unlike the
previous examples, the coordination of Zn*" by the His present in
the bacitracin macrocycle is not observed (Economou et al.,, 2013).
(106-169) the  non-glycosylated
phosphorylated form of the caseinomacropeptide (CMP) derived

Kappacin is and
from bovine milk k-casein (the C-terminal fragment between
residues 106 and 169). This AMP exhibits activity against the
oral opportunistic ~pathogen  Streptococcus mutans and
demonstrates a membranolytic effect observed in experiments
with artificial liposomes, exhibiting pH-dependent behavior. At
acidic pH (6.5), it has the ability to permeabilize liposomes;
however, at neutral pH (7.2), it exhibits little effect on them, as
evidenced by the lack of antibacterial activity. However, the addition
of a metal: Kappacin (106-169) ratio (2:1) for Ca®" or (1:1) for Zn**
results in improved antibacterial activity at neutral pH. Divalent
metal cation binding assays and Scatchard analyses indicated that
Kappacin (106-169) has two binding sites for the metal. Proton
nuclear magnetic resonance ('H-NMR) experiments on the
Kappacin (138-158) fragment, conducted in the presence of Ca**
ions and 30% tetrafluoroethylene (TFE), suggest that the peptide
adopts a specific conformation in this environment (Dashper et al.,
2005). The sequence Kappacin (138-158) (Ala-Val-Glu-Ser-Thr-
Val-Ala-Thr-Leu-Glu-Asn-Ser-Pro-Glu-Val-Ile-Glu-Ser-Pro-Pro-
Glu) is rich in Glu spaced (i, i+4) at the C-terminus, which may
explain the coordination with divalent ions, thus potentially
modulating the peptide structuration.

A new field, known as metallo-AMPs, has emerged from the
interaction between divalent metal ions and specific residues within
AMPs, warranting further exploration. As mentioned in the observed
cases, this interaction acts by increasing effectiveness against
microorganisms and arises from the coordination of divalent ions
along the structure of AMPs, enhancing the secondary structure and
performing various functions in the face of microbial targets. This
interaction is expected, as both metallic ions and AMPs are considered

essential components of the immune system in various organisms.

6 Concluding remarks and prospects

Capping motifs play an important role in modulating the
antimicrobial activity, selectivity, and protease resistance in
AMPs. Beyond direct antimicrobial properties, presumably by
promoting the structuring of peptide sequences in the a-helix,
such as specific sequences and divalent cations, capping motifs
may influence other desirable properties, such as in vivo stability
and biocompatibility. Cationic amino acids, such as Lys and Arg,
have demonstrated efficacy as capping motifs because charge at the
N- or C-terminus helps enhance interactions with negatively
charged microbial membranes while reducing cytotoxicity against
mammalian cells. Some internal interactions of the side chains of
these residues, as well as unique and unusually structured motifs,
within the peptide chain, contribute to the nucleation and
structuring of a-helices, which are crucial for biological activity.
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However, further research is needed to fully elucidate the structure-
activity relationships between capping motifs and the AMP’s
mechanism of action. The results from studies of molecular
dynamics simulations and biophysical techniques, in which it was
explored how specific capping motifs alter AMP secondary
structure, oligomerization, membrane perturbation abilities, and the
capping motifs’ performance against a wider range of clinically relevant
and multidrug-resistant pathogens, can be used in new approaches
based on artificial intelligence and deep machine learning, to generate
new structural data, as well as new active peptides.

Through continued progress in understanding capping motif-
mediated effects, it may be possible to customize AMPs for specific
infection types or drug delivery applications, helping to address the
pressing need for novel anti-infectives, particularly in the face of
escalating antimicrobial resistance crises worldwide. Capping motifs
offer a promising design element for to developing next-generation
AMP with
pharmacological profiles.

therapeutics improved efficacy, safety, and
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